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Ion-pairCharged and polar amino acids in the transmembrane domains of integral membrane proteins can be crucial
for protein function and also promote helix–helix association or protein oligomerization. Yet, our current
understanding is still limited on how these hydrophilic amino acids are efﬁciently translocated from the
Sec61/SecY translocon into the cell membrane during the biogenesis of membrane proteins. In hepatitis C
virus, the putative transmembrane segments of envelope glycoproteins E1 and E2 were suggested to
heterodimerize via a Lys–Asp ion-pair in the host endoplasmic reticulum. Therefore in this work, we carried
out molecular dynamic simulations in explicit lipid bilayer and solvent environment to explore the stability of
all possible bridging ion-pairs using the model of H-segment helix dimers. We observed that, frequently,
several water molecules penetrated from the interface into the membrane core to stabilize the charged and
polar pairs. The hydration time and amount of water molecules in the membrane core depended on the
position of the charged residues as well as on the type of ion-pairs. Similar microsolvation events were
observed in simulations of the putative E1–E2 transmembrane helix dimers. Simulations of helix monomers
from other members of the Flaviviridae family suggest that these systems show similar behaviors. Thus this
study illustrates the important contribution of water microsolvation to overcome the unfavorable energetic
cost of burying charged and polar amino acids in membrane lipid bilayers. Also, it emphasizes the novel role of
bridging charged or polar interactions stabilized by water molecules in the hydrophobic lipid bilayer core that
has an important biological function for helix dimerization in several envelope glycoproteins from the family
of Flaviviridae viruses.yristoyl-phosphatidylcholine;
: +49 681 30270702.
aarland.de (V. Helms).
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Helical transmembrane (TM) bundles are the predominant type of
polytopic transmembrane proteins. Their structures are assemblies of
mainly hydrophobic helices. However, for functional reasons, they
sometimes contain polar and charged residues even in the hydro-
phobic core of the membrane bilayer. Once the proteins are fully
folded, these residues are shielded from the lipid environment.
However, the insertion into the membrane via the Sec61/SecY
translocon is an energetically challenging hurdle that these helices
need to overcome. It has been suggested that cooperative insertion of
multiple helices may facilitate this process [1]. For example, TM helix
dimers found in the family of Flaviviridae viruses [2,3] are stabilized
by charged and polar residues in the center of the lipid bilayer [4].
Since these are formed from only two helices, it is not possible to fully
shield the charged residues from the surrounding lipid acyl chains.The energetic cost of inserting polar and charged amino acids into
lipid membrane was analyzed by several studies [5–8]. However, the
works by Hessa and colleagues [9,10] indicated that the insertion
energy for a helix monomer containing charged or polar residues is
not as high as predicted from the free energy of solvation [11]. The
efﬁciency to get inserted into the membrane by the translocon
machinery depends strongly on the positions of the polar/charged
residues with respect to the membrane and to each other and on
helix–helix association [1]. Recent experimental studies suggested
that motifs from loop regions or from the nearest-neighbor TM helices
can also favor the membrane insertion [12]. Also, TM helix
repositioning in the membrane during the folding and oligomeriza-
tion [13] could be one of the reasons for lowering the cost of inserting
the charged and polar residues. Johansson and Lindahl [14] pointed
out that high protein content in biological membranes could
counterbalance the hydrophobic environment of membrane lipid
bilayers. We will argue here that the remarkable efﬁciency of multi-
spanning TM helices containing polar and charged residues to
partition into the hydrophobic core of the lipid bilayer could also be
explained – in part – if those residues remained partially solvated
during the folding process [15]. The aqueous interior of the protein-
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could be co-translocated with the peptide chains. This could in fact
lower the energetic cost of translocating polar amino acids during the
TM protein biosynthesis.
For the envelope glycoproteins E1 and E2 of hepatitis C virus, the
TM domains were suggested to heterodimerize via a salt-bridge [16].
Additional support for this model has been found in a recent MD
simulation study that observed atomistically the contribution of polar
and charged residues to the helix–helix association of the E1–E2
heterodimer [17]. The TM segments of the E1 and E2 glycoproteins
consist of two stretches of short hydrophobic residues with a short
segment of highly conserved polar and charged residues in between.
This pattern also occurs in the putative TM domains of other envelope
glycoproteins from Flaviviridae viruses [18]. The TM segments of
these viruses are believed to be not only involved in the virus entry
but also responsible for the retention of the E1–E2 envelope
glycoproteins in the endoplasmic reticulum membrane [19]. These
unique multifunctional roles inspired us to further investigate the
roles of the polar and charged amino acids in the TM helix domains.
In this work we employed atomistic molecular dynamics simula-
tions with explicit modeling of the lipid bilayer and water environ-
ment to explore the behavior of TM helix monomers from Flaviviridae
viruses containing a charged residue in the middle of the helix
segments. For comparison, we also studied as model system the so-
called H-segment that was extensively used as a fusion TM segment to
leader peptidase by the von Heijne group [1,9,10,20]. The results from
the simulation of monomers demonstrated differential effects of the
individual charged amino acids on the isolated TM helices in DMPC or
DPPC lipid bilayers. Thereafter, we studied H-segment helix dimers
interacting via an ion-pair to observe the dynamic properties of the
peptide-water-lipid bilayer system. By this, we demonstrated the
effect of dimerization via a salt-bridge and the position of the
interacting charged residues which give rise to dynamic microsolva-
tion events in the dehydrated membrane lipid bilayer. These effects
also apply to the family of Flaviviridae viruses because similar trends
for hydration were observed in the previously published simulations
of the TM domain of E1–E2 envelope glycoproteins of hepatitis C virus
[17] which were carefully re-analyzed for this work.
2. Methods
2.1. Sequences and system preparation
The sequences of the envelope glycoproteins of the Flaviviridae
viruses were obtained from the UNIPROT database (http://www.
uniprot.org). We used sequences from hepatitis C virus (HCV)
(P26664) and bovine viral diarrhea virus (BVDV) (P19711) to
represent genus Hepacivirus and Pestiviruses, respectively. Sequences
from three other viruses, dengue virus (DENV) (P14337), Japanese
encephalitis virus (JEV) (P32886) and West Nile virus (WNV)
(P06935), are representing the genus Flaviviruses. The TOPCONS
web server (http://topcons.cbr.su.se/) was used to initially analyze
the full sequence of each envelope glycoprotein (Fig. S1). Then, we
obtained apparent free energies, ΔGapp, for the putative TM segments
as predicted by TOPCONS from the DeltaG prediction server of the von
Heijne group (http://dgpred.cbr.su.se/) [20] (Table S1). The I-Tasser
web server (http://zhanglab.ccmb.med.umich.edu/I-TASSER/) [21]
was used to predict the 3D structures of the putative TM segments
(Fig. S2). Table S1 lists the amino acid sequences of the putative TM
domains of prM/E1 and E/E2 from Flaviviridae viruses that were used
in this study.
As this workwas inspired by the in vivo hydrophobicity scale of [9]
and [20], we used the same H-segment sequence as those authors
comprising the 27 residues GGPG-AAAALALALXLALALAAAA-GPGG.
The “X” represents the location in the TM helix monomer that was
substituted by a charged residue (Arg, Lys, Glu, Asp) in this study. Forthe TM helix dimers that are bridged by ion-pairs, 2 sets of simulations
were performed; set X14–Y14 and set X12–Y16, that differed in the
location of the positively charged and negatively charged residues.
The numbers indicate the positions of the charged residue in the
helices.
For the MD simulations, all structures used in this study were
prepared as ideal α-helices. The SCWRL program [22] was used to
position the side-chain rotamers. For the TM helix dimers, Gromacs
4.0.3 [23] tools were used to set up paralleled H-segment dimers with
the charged residues pointing to each other at the helix–helix
interfaces. When constructed this way, the terminal side-chain
atoms of the charged residues were separated by distances between
0.3 and 0.5 nm. The protonation states of the titratable side-chains
were kept as found at pH 7 in aqueous solution.
2.2. Peptide-bilayer system setup
Weused two different lipid bilayers asmembrane environment for
the simulation of the H-segment monomers. The starting geometries
were constructed from a fully hydrated equilibrated lipid bilayer of
128 dimyristoyl-phosphatidylcholine (DMPC) lipids solvated with
5673 simple point charge (SPC) water molecules [24] and from 128
dipalmitoyl-phosphatidylcholine (DPPC) lipids solvated in 6143 SPC
water molecules [25], respectively. A cavity of suitable size was
created to accommodate one or two TM helices using the protocols of
reference [26]. The solvent-accessible protein surfaces of the TM
helices required for the cavity measurement were calculated by the
program MSMS using a probe size radius of 1.4 nm [27]. Each peptide
monomer or dimer was introduced parallel to the membrane bilayer
normal in the lipid membranes. In each case, 4–8 lipids were removed
that severely overlapped with the peptides and the protein–lipid
bilayer system was surrounded by approximately 45–50 water
molecules per lipid molecule, thus ensuring full hydration of the
membrane. The system was then subjected to 500 steps of energy
minimization using the steepest descent algorithm in order to relax
any steric conﬂicts generated during the setup. Na+ and Cl− ions were
added to neutralize the system and to achieve close-to-physiological
conditions at ~0.1 M NaCl. This was followed by a 200 ps MD run with
harmonic position restraints (force constant 1000 kJ mol−1 m−2)
applied to all heavy atoms of the protein. This procedure allowed the
lipids and the water molecules to relax around the protein after its
insertion. Subsequently, fully unrestrained production runs of at least
100 ns duration were performed for the systems. The helix monomers
from envelope glycoproteins of the Flaviviridae viruses were only
simulated in a DMPC bilayer following the same protocol as described
for the simulations of H-segment monomers.
2.3. Simulation details
The DMPC and DPPC lipid bilayer interactions were described with
the Berger force-ﬁeld parameters [28]. The TM helices were modeled
with the united atom force-ﬁeld GROMOS96 53a6 [29]. Simulations
were performed with the Gromacs 4.0.3 package [23] using 2-fs
timesteps. Periodic boundary conditions were used in all directions.
Bonds to H atoms were constrained using the LINCS algorithms [30].
For the short-range van der Waals interactions, a cutoff distance of
1.0 nm was used. The long-range electrostatic interactions were
treated using the particle mesh Ewald (PME) method with a grid
spacing of 0.12 nm and cubic interpolation. The non-bonded pair list
was generated every 10 steps with a cutoff of 1.0 nm. Water, lipids
and peptide systems were coupled separately to temperature baths,
323 K for the DPPC and 310 K for others using the Berendsen
algorithm with a time constant of τT=0.1 ps [31]. The higher tem-
perature is commonly used for DPPC simulations [32,33] to avoid that
the lipids form a gel-like phase with increased ordering of the
hydrocarbon chains. For keeping the pressure constant, semi-isotropic
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directions with Berendsen weak coupling and a τp=1 ps time
constant. The compressibility was set to 4.5×10−5 bar−1 [31].
Analyses of the trajectories were primarily performed with tools
included in the Gromacs 4.0.3 suite [23]. Root mean square deviations
(RMSDs) analyses were based on the coordinates of all atoms of the
peptides. The hydrogen bond analyses used a 0.35 nm distance cut-off
between donor–acceptor atoms and required the bond angle to be
between 150 and 180°. We measured the bilayer thickness by
averaging the distances between lipid headgroups in the upper and
lower leaﬂets of the lipid membrane with the tool GridMAT-MD [34].
All protein structure images in this work were prepared with the
Pymol program (http://pymol.sourceforge.net).
3. Results and discussion
In thiswork, all-atomMDsimulationswereperformed to investigate
the structure and degree of internal solvation of membrane lipid
bilayers containing TM helix monomers with a charged residue located
in the centre of the helix and TM helix dimers that associate via an ion-
pair, respectively. As TM domains, we used monomer segments from
the envelope glycoproteins of the Flaviviridae viruses as well as
monomers and dimers formed by the so-called H-segment [9]. All
segments were initially prepared as ideal α-helices as input for the
simulations. In total, 24 systemswere simulated for at least 100 ns each.
3.1. prM/E1 and E/E2 monomer simulations
The secondary structures of the envelope glycoproteins were
predicted by the TOPCONS webserver. Screening of a full length
combination of E1 and E2 or prM and E amino acid sequences showed
that both the E1/prM and the E2/E envelope glycoproteins contain at
least one TM domain (Fig. S1). The predicted TM segments by the
TOPCONS are shown in Table S1 (see sequence segments with the
extensions “-A” and “-B”). The number of TM segments predicted for
the members of genus Flavivirus (DENV,WNV and JEV) was the same.
Each of them contains two TM domains located at both C-terminal
regions of the prM and E proteins. In the case of BVDV, a
representative from Pestivirus, two putative TM domains were
predicted for the E1 region and only one putative TM domain for
the E2 region. The TOPCONS server provided a slightly different
prediction for the envelope glycoprotein of HCV-E1. However, the
locations of the putative TM regions of the HCV-E1 and E2 agree with
those previously suggested in several experimental studies [18,35].
The only difference is that one more putative TM region was assigned
by four predictors of TOPCONS approximately 23 residues upstream
from the HCV-E1 region of interest (P26664 350–383). In the HCV-E2
protein, only one putative TM domain was detected similarly to the
BVDV-E2. However, when shorter sequence segments were used as
input (24–35 residues with charged residues located at the centre),
TOPCONS predicted single-pass helices (results not shown). For all
studied segments, the ΔGapp values are in the range as the translocon
integrated TM peptides (−0.60 to 2.54 kcal/mol) (Table S1) [1,9,10].
Weused the I-TASSERwebserver for tertiary structure predictions for
the putative TM segments of the envelope glycoproteins. Most of the
short hydrophobic segments (~21 residues) provided by TOPCONSwere
predicted to have distorted conformations. Therefore, we decided to use
longer sequences consisting of both suggested hydrophobic segments
(~40 residues). Fig. S2 shows the conformations of theputative segments
predicted by I-TASSER that are in agreement with the secondary
structure predictions. The I-TASSER server predicted all the upstream
TM domains (E1/prM) to exist as stable non-kinked helices (Fig. S2). As
expected, due to the absence of an Asp amino acid in the centre of the
BVDV-E2 segment, no kinking behavior was observed. The TM domains
of DENV-E, WNV-E and JEV-E were predicted to be unfolded in the
center. This behavior was probably caused by their central Asp residue.However, DENV-E that contains no central Asp was also kinked as the
others. Surprisingly, 4 out of 5 models of the HCV-E2 were predicted as
non-kinkedhelices by I-TASSERalthough theHCV-E2 segment contains a
negatively charged Asp in its centre. The structural templates that were
used by I-TASSER to model this target sequences were related to light-
harvesting complexes or electron transport proteins (e.g. 1S5L, 1Q90,
1EHKC, 1JBO, 1DXR from the Protein Databank).
In the MD simulations, we used similar sequence segments as those
that were sent to I-TASSER. These putative TM segments consist of two
short hydrophobic segments separated by several highly polar residues
(see Table S1, labeledwith the extension ‘-MD’) as previously suggested
by Cocquerel et al. [18]. Surprisingly, during the MD simulations, the
putative TM domains placed in the lipid bilayer environment each
showed a similar degree of helical stability as predicted by I-TASSER. In
the independent MD simulations of single helices, the putative TM
domains of the E1/prM remained as stable helices during the 200 ns
simulation time (Fig. 1) except for JEV-prM that was slightly kinked. In
contrast, the TMdomains of the E2/E severely kinked (HCV-E2, DENV-E,
JEV-E andWNE-E) except for the TM domain of the BVDV-E2. Based on
RMSD, the putative TMdomains of E1/prMweremuch closer to an ideal
α-helix than the E2/E (Fig. S5). All putative TM domains of E1/prM
contain at least one positively charged residue. The members of the
ﬂaviviruses group, DENV-prM, WNV-prM and JEV-prM contain a single
Arg, HCV-E1 contains a single Lys, and BVDV-E1 contains both Lys and
Arg residues located at the center of the TM segments (Table S1).
Naturally, all charged residues in a TM helix like to interact with other
polar or charged atoms. In our setup, the only chance for the centrally
placed charged residues to achieve a favorable coordination of their
charged side-chains is to form hydrogen bondswithwatermolecules or
with the polar headgroups of the lipids at the membrane interfacial
region. During MD simulations, the side chains of the Lys and Arg
residues tilted in order to make contact with lipid headgroups or bulk
water. The ﬂexible side chain of Lys is well known to efﬁciently snorkel
up to form hydrogen bonds with the phosphate and carbonyl groups of
the phospholipids. The putative TMdomains of theHCV-E2,WNV-E and
JEV-E contain at least one negatively charged Asp residue. Asp has the
shortest side chain among all four charged amino acids andwas thusnot
efﬁciently anchored to the bilayer interface. This could explain the
observed kinking of the helix. We conclude that all the TM domains in
this study that contain at least a single Asp in the centre of their TM
segments resulted in severely kinked helices. The only exception to this
“rule” is theDENV-E domainwhich contains noAspbutwas observed as
a kinked helix, similar to the other members of the Flavivirus genus.
The lipid bilayer thickness ranged between 3.35 and 3.51 nm
(Table S2) and was similar for E1/prM and the E2/E domains. This
result is in good agreement with the membrane thickness of a pure
DMPC bilayer (3.46 nm) obtained fromMD simulation [24] and in the
experiment [36,37]. The unfolding of a TM helix reveals which
portions of the peptide cannot be favorably accommodated in the
hydrophobic lipid bilayer environment. For that reason, all TM-
segments tilted in order for their side-chains to reach the hydrophilic
interface but at the same time optimized the position of the other
residues according to the environment. The tilting angles were
computed only for the unkinked TM domains. The smallest tilting
angle was obtained for the TM domain of DENV-prM (Table S2). The
other TM domains tilted by more than 42° which is obviously not in
the typical range for tilting angles of helical TM proteins [50].
However, one should not forget that the ectodomain region of these
envelope proteins could affect the structural behavior of the helix
monomers. We speculate that, in nature, the tilting angle of these TM
domains may be smaller when the large ectodomain region is present
and/or due to the heterodimerization of both envelope glycoproteins.
Furthermore, the E1–E2 or the prM-E envelope glycoproteins have
been proposed, based on experimental data, to exist as heterodimers
[18]. During the viral replication, the HCV:E1–E2 heterodimer was
shown to interact before entering the membrane bilayer environment
Fig. 1. Final conﬁgurations of 200 ns MD simulation of the prM/E1 and the E/E2 TM helix monomers from the Flaviviridae viruses. The TM helices are shown as helical cartoon. Bulk
water, lipid headgroups and the charged residues in the center of the TM helices are represented as atomic spheres. Lipid acyl chains are not shown for clarity.
Table 1
MD simulations of H-segment monomers in DMPC and DPPC lipid bilayers. All
simulations were run for 100 ns of simulation time.
H-segment
monomers
Membrane
thickness
(nm)
RMSDs from
ideal α-helix
(nm)
Average helical
angle per-residue
(°)
Tilting
angle (°)
In DMPC
Asp14 3.58±0.40 0.27±0.03 63.94±16.27 Kinked
Glu14 3.45±0.31 0.06±0.02 98.63±0.80 67.5±9.3
Lys14 3.59±0.32 0.06±0.01 98.36±0.67 59.0±4.4
Arg14 3.51±0.35 0.06±0.02 99.33±0.87 52.3±12.0
In DPPC
Asp14 3.99±0.33 0.25±0.01 79.63±9.46 Kinked
Glu14 4.20±0.44 0.05±0.01 99.35±0.60 47.8±3.4
Lys14 4.02±0.37 0.32±0.02 48.76±10.91 Kinked
Arg14 3.93±0.42 0.06±0.02 98.58±0.78 53.1±4.5
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a hairpin-like structure before the signal sequence is cleaved in the
translocon environment. Thus, each of the TM domains formed a
single pass type I TM helix in themembrane bilayer environment [18].
This heterodimerization process could be well explained by the
dependency of the correct folding of the E2/E on the presence of the
E1/prM [18,51]. The structural data presented here suggest that
several monomeric TM domains among the E2/E group may not exist
as stable single-spanning TM helices in nature. However, as was
shown in our previous study, the heterodimerization of E1–E2:HCV
increases the helical integrity of the TM segments. Therefore,
altogether, these data from simulations of TM helix monomers
support the suggested heterodimerization between both TM domains
of the envelope glycoproteins in the family Flaviviridae [16].
3.2. H-segment monomer simulations in DMPC vs DPPC lipid bilayers
After studying this class of biologically very important TM segments
from Flaviviridae viruses, we turned towards the experimental
model system of the H-segment. In particular, we focused on designed
H-segment sequences carrying charged residues in the center of the TM
segment that were experimentally studied by Hessa et al. [9]. We
systematically inserted all 4 charged amino acids at the helix centre
while keeping the remaining sequence intact. In order to focus on the
effect due to the particular charged amino acids, this part of our work
differs from the previous part where sequence variations are not
restricted to the central position. As will be described below, we found
that the H-segments behaved very similar to the TM-segments from
envelope glycoproteins just discussed. Based on the similarities of
sequence content and structure predictions, theﬁndings obtained inMD
simulations for H-segment monomers and dimers likely also apply to
the helix dimerization in envelope glycoproteins.
During the simulations of H-segment monomers in a DMPC lipid
bilayer, all helices remained close to the conformation of an ideal α-
helix (RMSD 0.06 nm), except for the H-segment containing Asp at
the helix center (0.27 nm) which partially unfolded (Table 1). The
intact H-segment monomers tilted strongly between 52.3 and 67.5°
with respect to themembrane normal, see Fig. S4. The thickness of the
hydrocarbon core of the DMPC lipid bilayer for the monomers ranged
between 3.45 and 3.59 nm (Table 1). This result is in good agreement
with previous experiments and simulations as well as with those in
the previous section on the TM helix monomers from Flaviviridae
viruses.
In the thicker DPPC bilayer, one could expect that both Asp and Glu
would severely bend the backbone of the helices due to their shortside-chains [38]. However, the only other amino acid that caused the
same effect as Aspwas Lys. The helical conformation of the H-segment
containing a charged Lys largely deviated from the starting structure
(RMSD 0.32 nm) and exhibited severe distortions (Table 1). The H-
segment monomers containing Arg and Glu remained structurally
stable (0.06 and 0.05 nm RMSD, respectively) similar to when
simulated in the DMPC lipid bilayers. The average helical-per-residue
angle (see Table 1) describes the helix integrity. For an ideal α-helix,
the angle should be close to 100°, but the partially unfolded helices of
the H-segments with Asp in DMPC and DPPC lipids and Lys in DPPC
lipids showed smaller average angles below 80°. No such behavior
was observed in both DMPC and DPPC for the H-segment containing a
Glu amino acid which has the second shortest side-chain next to Asp.
In the DPPC lipid bilayer, the H-segment adopted a smaller helix
tilting angle to enable the ﬂanking anchors (Gly–Gly–Pro–Gly) on
both sides to interact well with the membrane interfacial region.
Therefore, the side-chain of Lys could not reach out to form hydrogen
bonds with the hydrophilic region as in the DMPC bilayer. As a result,
this caused the H-segment to partially distort in the DPPC bilayer
(Table 1 and Fig. S4). Interestingly, we noted that the undistorted H-
segments containing the Arg and Glu amino acids oriented their
charged side-chains either to the N- or C-termini. In contrast, for the
H-segments with Asp/Lys amino acids, the Asp and Lys side-chains
oriented to the same termini in both types of lipids (Fig. S4). Although
it was noted before that the side-chain orientation of charged residues
is generally biased toward the N-terminal region [38], the H-segments
exhibited both orientations in this work.
The occurrence of polar or charged amino acids in a hydrophobic TM
helix monomer destabilizes the helical structure due to the strong
Table 2
Simulation details of H-segment dimers. All simulations were run for 100 ns. X and Y
denote the two helices of the TM helix dimer.
H-segment
dimers
Membrane
thickness (nm)
RMSDs from the
ideal α-helix
conformation (nm)
(80–100 ns)
Tilting angle (°)
(80–100 ns)
Helix Helix
X Y X Y
Set X14–Y14
K14–D14 3.62±0.54 0.09±0.06 0.18±0.02 28.4±3.9 44.4±3.9
K14–E14 3.72±0.41 0.08±0.01 0.23±0.02 23.9±3.3 49.1±3.2
R14–D14 3.73±0.37 0.07±0.02 0.31±0.008 25.9±5.4 Kinked
R14–E14 3.73±0.50 0.07±0.02 0.30±0.03 16.3±5.3 Kinked
Set X12–Y16
K12–D16 3.72±0.43 0.06±0.02 0.26±0.02 22.0±7.2 24.2±4.8
K12–E16 3.57±0.51 0.08±0.04 0.17±0.05 32.7±4.1 45.6±5.2
R12–D16 3.67±0.41 0.10±0.01 0.29±0.09 29.8±4.0 44.6±5.5
R12–E16 3.72±0.37 0.13±0.02 0.18±0.01 28.5±4.3 20.0±3.8
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interface. Although the helix could overcome the unfolding by tilting,
the helical integrity will still depend on the helix length and the
sequence composition [39]. The shorter the TMhelix and themore polar
or charged residues it contains, the less stable is the helix. In nature, the
helix distortion illustrates the non-TM topology and this is supported by
statistical analysis of the current high resolution structures [40]. No TM
helix monomer or dimer containing a charged residue exists in the
database so far. Interestingly, Hessa and colleagues showed on the basis
of in vivo free energy of insertion for the 20 amino acids that marginally
hydrophobic TM segments can be ﬁltered by the translocon to be
integrated into the membrane lipids [9], regardless of the post-
processing TM state. Therefore, the observed unfolding behavior of
the helices indicates a lower preference for the TM state [41] which
correlates with the increment of the apparent free energy of insertion.
Our results from the monomer simulations of H-segments are in
qualitative agreement with the apparent free energy of the biological
scale that assigned the highest insertion energies to H-segment
monomers containing Asp (3.49 kcal/mol) followed by Lys (2.71 kcal/
mol) [9]. In fact, a protonated Asp residue was shown by several
experiments to induce partial helix unfolding when located deeper in
the core of the bilayer [42]. Indeed, in the simulations of the putative TM
domains from Flaviviridae viruses, we observed the same behavior for
the TM segments of HCV-E2, JEV-E and WNV-E envelope glycoproteins
that contain an Asp residue in the center. No such behavior was
observed for the putative TM helices from Flaviviridae viruses contain-
ing positively charged residues (Arg or Lys) instead, as well as in the
respective H-segments. Therefore, based on the consistent structural
observation and data analyses frombothMD simulations of Flaviviridae
segments and H-segments, we can conclude that Asp caused the largest
destabilization to the helices compared to other charged residues. These
data further support the heterodimerization of E1–E2 or prM-E
envelope glycoproteins.
3.3. Simulations of H-segment dimers stabilized via an ion-pair
This study was inspired by the putative TM helices of the envelope
glycoprotein from the family of the Flaviviridae viruseswhich contain at
least one positively charged residue located in between hydrophobic
stretches and have been suggested to exist as monomers and/or dimer
[2]. In HCV, the putative TM helices of the E1 and E2 envelope
glycoproteins were suggested to associate as a dimer via an ion-pair of
Lys–Asp amino acids. Here, we investigated the structural integrity of
TM dimers formed by two H-segments with different types of ion-pairs
as well as the dynamic interaction among the components in the
membrane lipid bilayer system. Two sets of H-segment dimers were
simulated with four different combinations of charged residues. In the
ﬁrst set namedX14–Y14 both charged residueswere placed at the same
position in the transmembrane helices. In the second set named X12–
Y16, the charged residues were located one turn apart from each other.
TheDMPCbilayer thickness of the set X14–Y14 rangedbetween 3.62
and 3.73 nm and for the set X12–Y16 between 3.57 and 3.72 nm
(Table 2). These values are larger than those observed in the monomer
simulations (3.45–3.59 nm). Likely induced by the ion-pair interaction
between the charged residues, also the tilting angles of both partner
helices decreased signiﬁcantly compared to the helix monomers. The
tilting angles of the heliceswith a positively charged amino acidwere in
the range 16.3–32.7° and the helices with a negatively charged amino
acid tilted between 20.0 and 49.1° (Table 2).
The RMSD analyses of both dimer helices showed a large difference
between the helices containing a positively charged (Arg, Lys) and those
containing a negatively charged (Glu, Asp) amino acid (Table 2). The
helices with a positively charged residue stayed structurally close to an
ideal helix (0.08–0.13 nm) whereas the helices with a negatively
charged Aspor Glu amino acid deviated between 0.18 and 0.31 nmfrom
the ideal conformation.We also noted that most of the helices with thecharged Asp/Glu exhibited kinking but their helix partners were stably
intact as depicted in Fig. 2. Fig. S1 shows the RMSDs of the helix dimers
from their starting structures along the simulation timecompared to the
simulation of monomers. Each dimer from both sets deviated between
0.2 and 0.7 nm from its starting structure.
These ﬁndings show that the position of the charged residues in
the TM helix inﬂuenced the helical conformation of the H-segment
dimers. Although interacting via the same type of salt-bridge,
different locations of the charged residues affected the helix–helix
packing in different ways. Set X14–Y14 resulted in severe helix
bending and kinking particularly for the helices which contained a
negatively charged residue (Fig. 2b, c and d). The only exception is the
K14–D14 dimer. However, in the set X12–Y16, the integrity of the TM
helices was better maintained for the helices containing a positively
charged residue, R12–D16, K12–E16 and R12–E16, compared to those
in the other set X14–Y14 which contain the same salt-bridges.
In all dimer simulations of the H-segment, we observed very tight
ion-pair interactions of the charged residues along the simulation
time. Although several helices showed kinking, they were not
unfolded as in H-segment monomers. Particularly, the helices
containing a charged Asp were more stable in a dimer conformation
than as a monomer. We found a similar effect in the simulations of the
E1–E2 TM dimer of HCV where the ion-pair interaction increased the
helix integrity and stabilization [17]. This underlines that thepresenceof
polar and charged residues in multi-spanning membrane proteins may
in part serve to stabilize helix–helix association. Indeed, H-segment
dimer interactions mediated by interhelical hydrogen bonds between
Asn–Asn and Asp–Asp amino acids were shown experimentally to
enhance the membrane insertion efﬁciency [1].
3.4. Water hydration of the membrane core
Events of water crossing and residence in pure lipid bilayers are
very rare. For that reason, it is remarkable to observe water molecules
which are able to reside in hydrophobic environments, particularly in
the core region of the membrane lipid bilayer. Water penetration into
the lipid bilayer was already reported in the simulation study of
Johansson and Lindahl [38] and measured experimentally by solid-
state NMR where waters coordinated Arg residues pointing into the
lipid bilayer [43]. Water hydration of nonpolar cavities was also
detected by NMR for the protein interleukin 1β [44] and by
crystallography for the protein T4 lysozyme [45].
Here, we observed repeatedly that the charged residues attracted
several water molecules from the bulk phase to the membrane center
to form hydrogen bonds. This resulted in permanent water penetra-
tion into the core of the membrane lipid bilayer, see Fig. 3. At the start
of a MD simulation, the membrane core never contained any water
molecules. The hydration level in the hydrophobic membrane core
Fig. 2. Dimer simulations with two different locations of the charged residue pairs, set X14–Y14 and set X12–Y16. Final snapshots after 100 ns of MD simulation of H-segment dimers
with an interhelical salt-bridge interaction. The charged residues are labeled as single-letter code. Lipid phosphates are shown as yellow balls. Water molecules near the charged
residues are shown in stick representation and water in the bulk phase as van der Waals spheres. Lipid acyl-chains are not shown for clarity.
Fig. 3. Hydration analyses of the charged residues in the hydrophobic core of the membrane lipid bilayer. Figures (a) to (h) are labeled according to the type of H-segment dimers.
Shown are snapshots after 100 ns of MD simulation where the side-chains of the interacting charged residues are shown as stick representation together with water molecules
within a distance of 0.7 nm. The graphs show the number of hydrogen bonds formed between the charged amino acids and the waters in each simulation.
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on the location of the charged residues in the membrane lipid bilayer.
The deeper inside the core, the longer timewatermolecules needed to
make contact with the charged residues. Fig. 3 clearly indicates that
the TM helix dimers from the set X12–Y16 were hydrated earlier than
the set X14–Y14. The fastest solvation was observed for the dimer
R12–D16, where the water molecules managed to enter the
hydrophobic core of the lipid bilayer within 10 ns of simulation
time. The lowest hydration was found for both dimers interacting via
Lys–Glu salt-bridges. Only one water molecule penetrated after 80 ns
for the K12–E16 dimer whereas the K14–E14 dimer was still totally
dehydrated after 100 ns of MD simulation.
Fig. 3 shows that the number of hydration waters also depended
on the type of ion-pair and the location of the charged amino acids in
the TM helix. The TM helix dimers containing Lys–Asp and Lys–Glu
ion-pairs were not hydrated as much as dimers with Arg–Asp and
Arg–Glu pairs. The average number of hydrogen bonds between the
charged amino acids and the penetrating water molecules varied in
each simulation. The helix dimers containing an Arg residue attracted
more water molecules into the core of the membrane bilayers (3–5
watermolecules), compared to the helix dimers with a Lys (1–3water
molecules). This is quite expected because Arg has more hydrogen-
donor atoms in its side-chain compared to Lys (three-hydrogen
donors). Allen and co-workers previously reported that a charged
Arginine in a helix monomer is solvated by about 5 watermolecules in
the center of the bilayer [46]. The helix dimers containing Arg–Asp
pairs showed the same amount of water molecules in the membrane
core after 100 ns of simulation, although the hydration of the dimer
R14–D14 took place at a later time (~38 ns) than for the dimer R12–
D16 (~6 ns).
As described, the hydrogen bonds between the charged residues and
thewatermolecules varied due to the type of salt-bridge and the location
of the charged residues. The average number of hydrogen bonds observed
in the membrane core in each dimer simulation of the set X14–Y14 was
lower than for the set X12–Y16, see Fig. 4. In each case, there was at least
one hydrogen bond stably connecting the interacting charged residues
along the simulation time. The detailed analysis of the average number of
hydrogen bonds is shown in Table S3. The largest number of hydrogen
bondswas found for the H-segment dimer R12–D16 (~5 hydrogen bonds
with waters). One reason for this could be that the charged residues are
located nearer to the hydrophilic interface. Secondly, the side-chain of Arg
contains the largest number of hydrogen bond donor atoms. Surprisingly,Fig. 4. Average number of hydrogen bonds in each dimer simulation between the
charged residues themselves and with water molecules in the core region of the
membrane bilayer during 80–100 ns simulations. Black: Hydrogen bonds between the
charged residues themselves; gray bars: hydrogen bonds between the positively
charged residues and water molecules; white bars: hydrogen bonds between the
negatively charged residues and water molecules.the side-chain of Asp also participates in almost the same number of
hydrogen bonds towatermolecules as Arg in sets K12–D16 and R12–D16
(Fig. 4 and Table S2). In the partially hydrated region of the membrane
interfaces, all charged amino acids have the choice either to form
hydrogen bonds with waters or with the polar groups of lipids. Positively
charged amino acids (Arg/Lys) usually act as hydrogen bond donors and
negatively charged amino acids (Asp/Glu) naturally act as hydrogen bond
acceptors [38]. We found that in the dehydrated region of themembrane
core where the amount of water is limited, the available water molecules
tend to act both as hydrogen bond acceptors and donors for the basic and
acidic charged amino acids, respectively (Fig. 4).
The results from the MD simulations of helix dimers showed that
once water molecules came into contact with the charged residues,
several of them managed to stay throughout the simulation time. The
hydration level and penetration time of water molecules were not
consistent although the dimers comprised the same type of salt-
bridge. When the simulations of R14–E14 and R12–E16 were
extended to 200 ns, further water molecules penetrated into the
bilayer and solvated the charged residues. The R12–E16 dimer
(Fig.4b) was hydrated more than R14–E14 (Fig.4a). Fig. 5 clearly
depicts the increasing number of water molecules in a sphere of
0.7 nm radius around the side-chains of the charged residues along
the simulation time. Again the R12–E16 dimer was hydrated more
than the R14–E14 dimer although both comprised the same type of
ion-pair. Up to 8 water molecules occupied the core membrane of the
R12–E16 dimer after 152 ns of simulation and their number gradually
decreased to 5 water molecules on average till 200 ns (Fig. 5). In the
R14–E14 simulation the level of hydration remained around 4 water
molecules till 200 ns.
Interestingly, the water molecules which were retained in the
hydrophobic core of the membrane even managed to exchange with
the bulk water on the 200 ns time scale. We observed several events
of such dynamic water replacements in order to solvate the
hydrophobic environment around the charged residues. Fig. 6
shows individual snapshots from the simulation of the R12–E16
dimer. The R12–E16 dimer was more hydrated at an earlier stage
compared to the R14–E14 dimer as the charged residues are located
closer to the membrane interface. In the R12–E16 simulation, the ﬁrst
water molecule started to enter the core region at 17 ns and jumped
back into the bulk phase after 27 ns. The secondwatermoleculeswent
into the core at 22 ns shortly 5 ns before the ﬁrst water jumped out
and remained up to 103 ns. Similar water replacement events
occurred throughout the simulation where new water molecules
replaced the old ones. In total, 15 and 7 different water molecules
were observed that solvated the membrane core during the 200 ns
simulation of the R12–E16 and R14–D14 systems, respectively.
3.5. Microsolvation of the putative TM helix dimers from hepatitis C virus
In the putative TM dimer of the E1–E2 envelope glycoproteins of
HCV, the helix dimer was suggested to interact via a salt-bridge of
charged Lys–Asp amino acids. Our previous study showed that besides
the salt-bridge interaction also interhelical hydrogen bonds between
the TM segments contributed to stabilizing the E1–E2 dimer [17].
Several simulations of the TM domain of E1–E2, that were all started
from the same conﬁguration revealed three possible modes of
interaction: 1, interaction via the salt bridge Lys370–Asp728 only; 2,
interaction only via a hydrogen-bond between Asn367 and Asp728;
and 3, the dimer interacts via both the hydrogen bond and the salt
bridge where the side-chains of Asn367, Lys370 and Asp728 are
oriented to the helix–helix interface in the core region of the bilayer
(Fig. S6). The latter exhibited the most stable TM structure with a low
hydration of only 2 water molecules during 100 ns of simulation. The
highest hydration was observed for the ﬁrst case, where the E1–E2
dimer was interacting via hydrogen bonds formed by Asn367 and
Asp728, and Lys370 faced the lipid acyl-chains. Due to the positively
Fig. 5. Hydration in the membrane core of (a) R14–E14 and (b) R12–E16. Shown is the
number of water molecules per snapshot in a sphere of 0.7 nm radius around the center
of mass of both charged residues in each simulation.
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into the core which locally distorted the lipid membrane. Among the
three models, the only E1–E2 dimer model that exhibited kinking
(and a locally unfolded E2 helix) was the ﬁrst type. The Asn367
residue not involved in hydrogen bonds pulled bulk waters and lipid
headgroups into the core region which deformed the local thickness
of the membrane lipid bilayer (Fig. S6). Therefore, it is tempting to
suggest that the third model of an E1–E2 dimer interacting via both
the hydrogen bond (Asn367–Asp728) and the ion-pair (Lys370–
Asp728) could be the one existing in nature based on the stability of
the TM state and the relatively unperturbed membrane thickness.
However, further experimental studies should be carried out to con-
ﬁrm this hypothesis.
Intensive mutagenesis works by the group of Dubuisson [4,19]
showed that the highly conserved Lys370 and Asp728 residues
contributed to the HCV E1–E2 heterodimerization. They noted,
however, that when mutating Asp728 to Lys, the heterodimerizationFig. 6. Microsolvation of the R12–E16 dimer in the membrane core. Snapshots are labeled
charged Arg and Glu ion-pair during the 200 ns MD simulation. The water molecules are re
before 50 ns (orange); (2) entering and exiting in the interval (17–100 ns ) (maroon); (3)
residing in the core until 200 ns (blue). The other water molecules are shown as grey. The R12
as sticks. The lipid headgroups are shown as grey spheres. Lipid acyl-chains are not shownwas still unaltered [19] and concluded that the ion-pair is not the sole
contributor to the helix–helix association. In our previous study, we
also simulated amodel of the putative E1–E2 dimerwhere Lys370was
mutated to Ala [17]. The results from the MD simulations indicated
that even in the absence of ion-pair interaction, the E1–E2 dimer may
still be stably associated because Asn367 formed hydrogen bonds
with the side-chains of Asp728 and the oriented side-chain of Arg730.
In the wild type E1–E2 dimer simulations, Asn367 contributed to the
stability of the dimer as well besides Lys370 and Asp728 [17]. Fig. 7
shows the snapshot of the putative TM domain of E1–E2 of HCV after
200 ns of simulation as well as its hydration plot during the
simulation.We observed amaximumnumber of four water molecules
that managed to reside at one time to solvate the charged and polar
residues (Fig. 7b). The hydration level is comparable to the H-segment
dimers having the same type of Lys–Asp ion-pair (K14–D14 and K12–
D16). Eight different water molecules solvated the membrane core
during the 200 ns simulation.
We also analyzed the water hydration in the simulations of
mutated E1–E2 dimers. As for the wild-type E1–E2 dimer, a similar
increasing trend of solvation was observed for the simulation of
R730K (Fig. S7a). This is expected because the mutated residue,
Arg730, is not located at the helix–helix interface. Thus the hydration
is the same as in the wild type. For the doubly mutated E1–E2 dimer,
where we replaced Gly354 and Gly358 by Ala, only two water
molecules managed to retain at the same time (Fig. 7b). It is
interesting that although both TM dimers had the same Asn–Lys–
Asp interaction at the helix–helix interface, the number of water
molecules during the 100 ns time scale was different. It is possible
that Gly354 and Gly358 facilitated the penetration of water molecules
to solvate the highly polar residues. Therefore, a lower degree of
hydration could have resulted when both glycines were mutated to
Ala (Fig. S7).
Although water permeability across lipid membranes has been
extensively studied, the mechanism still remains unclear [47]. Recent
experiments showed that the penetration of water molecules
correlated stronger with the area per lipid than with the chain length,
saturation, or composition of the headgroup of the lipids [47]. In the
case of a HIV1–TAT peptide, computational studies supported the
model that the peptide translocates from the hydrophilic interface of
the bilayer into the membrane core [48]. Although the peptide was
highly hydrophilic and contained many charged Arg and Lys, it was
able to cross the hydrophobic core of the membrane when helped by
further peptides nearby.
It is subject of an intensive on-going discussion whether amino
acids that are typically charged in bulk solution become neutral in the
bilayer core or whether microsolvation stabilizes the charged form
[5,7,46]. Therefore, in a pre-study, we also simulated systems with
uncharged Asp and Lys in TM helix monomers and dimers. In none of
these simulations, water molecules or lipid headgroups penetrated
into the core of the bilayer. Neither did we observe membraneaccording to the simulation time. In total, 15 different water molecules solvated the
presented as spheres and colored based on the range of penetration time: (1) entering
entering after 100 ns and exiting before 200 ns (cyan); (4) entering after 100 ns and
–E16 helix dimer is shown as cartoon and the side-chains of Arg and Glu are highlighted
for clarity.
Fig. 7.Microsolvation in the putative TMmodel of the E1–E2 dimer from hepatitis C virus. (a) Snapshot at 200 nsMD simulation of the TM domain of E1–E2 dimer; (b) The number of
water molecules during the simulation in a sphere of 0.7 nm radius around the side-chains of Asn367–Lys370–Asp730.
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helix dimer. This contradicts the experimental data about the
importance of interhelical hydrogen-bonding residues for the H-
segments [1] and of interhelical ion-pairing residues for the E1–E2
dimer of HCV [19]. Moreover, the physico-chemical scales derived for
charged amino acids from the mentioned molecular simulations
studies do notmatchwell the “biological scale” derived by thework of
Hessa et al. [9]. This suggests that insertion of charged residues into
the membrane via the translocon may not be governed by
thermodynamic considerations alone, but may also involve ion-
pairing conﬁgurations such as the ones studied here stabilized by
kinetically stable microsolvation effects. For these two reasons, we
focused on studying the charged forms of these residues here.
The MD simulations of our study clearly revealed that individual
water molecule from the bulk phasemay enter the hydrophobic core of
the membrane to coordinate polar and charged side-chains. Also, the
simulation time scale of ~100 ns appeared long enough so that theymay
reversible exchange. Howeverwe do not consider the level of hydration
to be converged on this time scale. This will require substantially longer
plain MD simulations or the use of simulations in the semi-grand
canonical ensemble [49]. Attempts to compute the free energy of
dimerization byusing, for example, the conventional umbrella sampling
method need to properly sample differential degrees of microsolvation
and need to allow for possible conformational transitions of the ion-
pairing residues between the bilayer core and snorkeling to the
interface. As the latter may involve helix re-orientation and change of
helix tilting angles, we suggest that each umbrella sampling window
should cover at least 100 ns in length. This made such investigations
computationally prohibitive in our case. Another possible concern is the
suitability of the combination of Berger force ﬁeld for the lipids and the
SPC water model to study the favorability of microhydration relative to
the bulk phase. Deﬁnite answers will require the availability of some
experimental data possibly from solid-state NMR [43].
4. Conclusion
There is a great current interest in understanding how hydrophilic
amino acids are efﬁciently translocated from the Sec61/SecY translocon
into the cell membrane during the biogenesis of membrane proteins.
Here, we performed MD simulations of TM helix monomers from the
envelope glycoproteins of Flaviviridae viruses and of engineered H-
segmentmonomers to study theeffects of charged residues (Asp,Glu, Lys,
Arg) on the helical propensity of the TM sequences. The putative TM
domains of E2 or E envelope glycoproteins that are located at the
downstreamregion of the nascent polypeptidewere found to be unstable
when existing as a single-spanning helix in membrane bilayer. In a
previous simulation study on the TMsegments of envelope glycoproteins
E1 and E2 fromHCV,we showed that these helices heterodimerize via an
Lys–Asp ion-pair. In this work, we carried out additional MD simulations
toexplore the stabilityof all possible bridging ion-pairs using themodel of
H-segment helix dimers. These simulations clearly conﬁrmed thestabilizing role of the ion-pair for helix dimerization. Interestingly,
several water molecules penetrated from the interface into the
membrane core to stabilize the charged and polar pairs and frequently
exchanged with bulk solvent. This reﬂects that microsolvation of polar
and charged amino acids and even ion-pairs is another important factor
that facilitates the oligomerization of membrane proteins and their
insertion in lipid bilayer. The other members of Flaviviridae viruses most
likely showa similarmodeof heterodimerizationbetween their envelope
glycoproteins. These observations illustrate that the very hydrophobic
core of pure lipid bilayer membranes shows a signiﬁcant degree of
physico-chemical adaptability in the presence of embedded TM helices.
Supplementarymaterials related to this article can be found online
at doi:10.1016/j.bbamem.2011.01.004.
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